Survivin, an inhibitor of apoptosis, regulates cell division and is a potential target for anticancer drugs because many cancers express high survivin levels. However, whether survivin would be toxic to human lung cells and tissues has not been determined. This report clarified the involvement of survivin in acute lung injury. We used immunohistochemical analysis, immunoelectron microscopy, and real-time reverse transcription-quantitative polymerase chain reaction to study survivin expression and localization in injured mouse and human lungs. We also used cultured human lung epithelial cells (BEAS-2B and A549) to study survivin cytoprotection. Nuclei and cytoplasm of epithelial cells in day 3 and day 7 models of bleomycin-injured lung showed survivin-positive results, which is consistent with upregulated survivin mRNA expression. These nuclei also evidenced double positive findings for proliferating cell nuclear antigen and survivin. Day 7 models had similar Smac/DIABLO-positive and survivin-positive cell distributions. The cytoplasm and nuclei of epithelial cells in lesions with diffuse alveolar damage manifested strong survivin-positive findings. Bleomycin stimulation in both epithelial cell lines upregulated expression of survivin and apoptosis-related molecules. Suppression of survivin expression with small interfering RNA rendered human lung epithelial cells susceptible to bleomycin-induced damage, with markedly upregulated activation of caspase-3, caspase-7, poly (ADP-ribose) polymerase, and lactate dehydrogenase activity and an increased number of dead cells compared with mock small interfering RNA-treated cells. Overexpression of survivin via transfection resulted in these epithelial cells being resistant to bleomycin-induced cell damage, with reduced activation of apoptosis-related molecules and lactate dehydrogenase activity and fewer dead cells compared with results for mocktransfected cells. Survivin, acting at the epithelial cell level that depends partly on apoptosis inhibition, is therefore a key mediator of cytoprotection in acute lung injury. Understanding the precise role of survivin in normal lung cells is required for the development of therapeutic survivin.
Survivin, a member of the inhibitor of apoptosis family, inhibits caspase-mediated cell death by increasing inhibition of caspase through binding the X-linked inhibitor of apoptosis and hepatitis B X-interacting protein, as well as by binding to the proapoptotic factor Smac/DIABLO, which leads to delayed release of Smac/DIABLO in the cytoplasm. [1] [2] [3] [4] [5] Survivin also has an important cell cycle function in as much as it promotes the assembly and stability of microtubules during the G 2 /M phase. 6, 7 Many human tumors express high levels of survivin, and its tissue levels are closely related to tumor progression and a poor prognosis. 8 Most tissues also clearly express survivin during development, and deletion of the survivin gene is embryonic lethal. 9 Most normal adult differentiated tissues have very low levels of survivin expression; however, some normal adult cell types, including thymocytes 10 and basal colonic and gastric mucosal epithelial cells, 11 demonstrate distinct survivin expression. Survivin expression is elevated in regenerating liver cells after partial hepatectomy 12 and in microvessels in peri-infarct regions in the mouse brain. 13 Further, survivin overexpression can protect gastric epithelial cells from ethanol-induced apoptosis, 14 partly by interfering with effector caspases and serving to stabilize mitochondrial activity, 15 whereas suppressed survivin expression in mice by antisense or transgenic inactivation leads to spontaneous apoptosis and greater sensitivity to Fas and ischemia hypoxia. 13, 16, 17 Survivin expression is therefore important during tissue regeneration, and suppression of survivin may contribute to injury.
Acute respiratory distress syndrome is characterized histologically by diffuse alveolar damage (DAD), with findings such as alveolar edema, hyaline membranes composed of sloughed epithelial cell debris and fibrin, and alveolar lining cell hyperplasia. Both apoptosis and cell proliferation are known as very important pathophysiological processes in acute lung injury, especially for cytoprotection and regeneration of lung epithelial cells after injury. 18, 19 We hypothesized that survivin also has an important role in cytoprotection and regeneration in acute lung injury. We studied the expression and localization of survivin via bleomycin-induced lung injury in mice and DAD in humans. We also studied its cytoprotective effect by analyzing bleomycin-induced apoptotic damage in human cultured lung epithelial cells in which we suppressed survivin expression or induced survivin overexpression.
MATERIALS AND METHODS Antibodies
Antibodies purchased for survivin included the following: AF886; surfactant protein-C (SP-C); surfactant protein A; S100A4; F4/80; Smac/DIABLO, activated caspase-3, and activated poly (ADP-ribose) polymerase (PARP); caspase-3, activated caspase-7, caspase-7, and PARP; GAPDH; and proliferating cell nuclear antigen (PCNA).
The Bleomycin-Induced Lung Injury Mouse Model Pulmonary fibrosis was induced in 8-week-old male ICR mice (weight 35-40 g; Sankyo Labo Service Corporation, Inc., Tokyo, Japan) by one intratracheal instillation of bleomycin hydrochloride (25 mg/kg body weight; Nippon Kayaku Co., Tokyo, Japan). The Animal Care and Use Committee of Nippon Medical School approved the animal protocols.
Patients
Lung specimens were obtained via autopsies at the Nippon Medical School Hospital during 1992-2011: 10 DAD autopsy cases and eight autopsy control cases. Table 1 provides background information of the patients ( Table 1 ). The study protocol was approved by the Human Ethics Review Committee of Nippon Medical School.
Immunohistochemistry, Immunoelectron Microscopy, Terminal Deoxynucleotidyl Transferase dUTP Nick-End Labeling (TUNEL), and Evaluation for Survivin-Positive Cells Paraffin-embedded mouse and human lung sections were evaluated for survivin, SP-C, Smac/DIABLO, and PCNA and were processed for TUNEL for in situ analysis of DNA fragmentation. Ultrathin sections of the Epon-embedded mouse lung that had been incubated with anti-survivin antibody were investigated using transmission electron microscopy. The ratio of the number of bronchial epithelial cells with survivin-positive results in the nucleus or cytoplasm to the total number of cells was determined in a blind manner for mice. The numbers of alveolar epithelial cells with survivin-positive results in the nucleus or the cytoplasm were counted, per high-power field, for lungs from mice, human History indicates the duration of clinical events in ARDS.
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Double Labeling for Immunohistochemical and TUNEL Staining
After endogenous peroxidase activity and nonspecific binding sites were blocked, slides were incubated overnight with the first primary antibody against survivin, followed by incubation with HRP-conjugated anti-rabbit antibodies (Histofine Simple Stain MAX PO (R); Nichirei Biosciences Inc.) and visualization. The primary antibody was inactivated by heat treatment (boiling) to prevent mixed labeling and cross-reaction. 20 The second primary antibodies against SP-C and S100A4 were incubated overnight, followed by incubation with an alkaline phosphatase (AP)-conjugated anti-goat antibody (Histofine Simple Stain AP (G); Nichirei Biosciences Inc.) and visualization. After endogenous peroxidase activity and nonspecific binding sites were blocked, slides were incubated overnight with the first primary antibody against PCNA, followed by incubation with HRP-conjugated anti-mouse antibodies (Mousestain Kit PO (M); Nichirei Biosciences Inc.) and visualization. The first primary antibody was inactivated by boiling to prevent mixed labeling and cross-reaction. The second primary antibody against survivin was incubated overnight, followed by incubation with an AP-conjugated anti-rabbit antibody (Histofine Simple Stain AP (R); Nichirei Biosciences Inc.) and visualization.
After TUNEL staining without Mayer's hematoxylin counterstaining, immunohistochemical analysis for suvivin was performed with the incubation of survivin antibody, followed by incubation with HRP-conjugated anti-rabbit antibodies (Histofine Simple Stain MAX PO (R); Nichirei Biosciences Inc.) and visualization. 
Western Blotting
For each experiment, western blotting was performed according to the standard procedure. After stripped blots were reacted with the appropriate antibodies, western blotting was performed, and proteins were quantified, with results expressed as ratios to the amount of GAPDH protein.
Detection of Cell Damage
Culture medium, under indicated conditions, was analyzed for lactate dehydrogenase (LDH) release (signifying cell damage) using Cytotoxicity Detection KitPLUS (Roche Applied Science, Mannheim, Germany) according to the manufacturer's instructions. Optical density (OD) was measured at 490 nm with a Model 550 Microplate Reader (Bio-Rad Laboratories Inc., Hercules, CA, USA), and five OD results were reported relative to corresponding results for controls (no treatment) in five experiments (control treatment ¼ 1.0). We also assessed cell survival by manually counting cells that were double stained with Annexin V-FITC (BD Biosciences, San Jose, CA, USA; apoptotic cell membranes: green) and 1 mM propidium iodide (PI) (Invitrogen; dead cell nuclei: pink) as well as 5 mM Hoechst 33342 dye (Invitrogen; nuclei of dead and living cells: blue).
Small Interfering RNA (siRNA) Experiments siRNA targeting human survivin and nontargeting control siRNA were obtained from Sigma-Aldrich (MISSION siRNA and MISSION siRNA Universal Negative Control, respectively). Transfection was performed with Lipofectamine RNAiMAX reagent (Invitrogen), according to the manufacturer's protocol, in 1 ml of Opti-MEM I-reduced serum medium (Invitrogen).
Survivin Overexpression Studies pcDNA3HA-survivin, a survivin expression vector with an N-HA tag, purchased from CH3 BioSystems, LLC (Amherst, NY, USA), was used for survivin overexpression studies, with Lipofectamine 2000 (Invitrogen) and FuGENE HD transfection reagent (Roche Applied Science) used for transfection according to the manufacturer's instructions. Transfection efficiency was controlled by immunoblotting.
Statistical Analysis
For each data set, arithmetic means and s.e.m values were calculated; Student's t-test was used to compare paired or independent variables. One-way ANOVA was used to determine statistical differences among groups. *Po0.05 and **Po0.01 were considered statistically significant.
RESULTS

Expression of Survivin in Acute Lung Injury In Vivo
To clarify the role of survivin in acute lung injury, we used immunohistochemistry to study survivin expression and localization in bleomycin-injured lungs of mice. We detected slight survivin reactivity in the cytoplasm of bronchial epi- We semiquantified survivin expression in alveolar and bronchial epithelial cells of bleomycin-injured lung from each group (n ¼ 4) by counting, in blind manner, the number of cells positive for survivin in the nucleus or the cytoplasm. We found that survivin expression in the nuclei was upregulated in the day 3 model and showed a peak in the day 7 model and then a reduction in the day 14 model of bleomycin-injured lung (Figures 3a and b) . We also found that survivin expression in the cytoplasm of bronchial epithelial cells was upregulated in the day 3 model and peaked in the day 7 model (Figure 3c ). The number of cytoplasmic survivin-positive alveolar cells did not show a clear peak in the day 7 model and a reduction in the day 14 model, although the survivin-positive intensity themselves in the day 14 model tended to be weak ( Figure 3d ). We also quantified survivin mRNA expression in the bleomycin-injured lung by using real-time RT-qPCR. Consistent with the findings obtained for immunostaining, survivin mRNA expression was significantly upregulated in the day 7 models in the bleomycin-injured lung compared with control lung, and expression levels tended to be reduced in the day 14 models (Figure 3e ).
As survivin regulates both cell division and cell survival through apoptosis, we studied the expression of survivin and related molecules in bleomycin-injured lungs We also used immunohistochemistry to study survivin expression and localization in human control lungs and DAD lung lesions. In contrast to the slight survivin reactivity in the cytoplasm of bronchial epithelial cells of controls (Figure 5a These results, together with the evidence of upregulated expression of survivin and activation of survivin-related molecules in injured lungs, suggested that survivin in epithelial cells is involved in the pathophysiology of acute lung injury, not only in cancerous tissue cells, in mice and humans.
Expression of Survivin in Lung Epithelial Cells after Bleomycin Treatment In Vitro
To investigate the role of survivin in lung epithelial cell damage in vitro (as we did in vivo), we evaluated survivin expression in BEAS-2B cells and A549 cells, well-characterized cultured human bronchial epithelial and alveolar epithelial cell lines, respectively, after bleomycin-induced cell Figure 7f and Figure 8g ). Thus, levels of susceptibility (sensitivity) to bleomycin damage differed in the two cell lines, with survivin being upregulated in bleomycin-damaged lung epithelial cells in vitro, just as it was in vivo. These results are consistent with our hypothesis that survivin may have an important role in bleomycin-induced lung epithelial cell damage via apoptotic signaling pathways in vitro and in vivo.
Effect of Survivin Suppression on Bleomycin-Induced Damage of Lung Epithelial Cells
To investigate the cytoprotective role of survivin in bleomycin-induced lung damage, we incubated BEAS-2B cells and A549 cells with siRNA to suppress survivin expression and analyzed the effect by western blotting with markers for apoptotic signaling pathways, ie, activated caspase-3, activated caspase-7, and activated PARP. Suppression of survivin expression in these cells induced markedly upregulated activation of caspase-3, caspase-7, and PARP compared with mock siRNA-treated BEAS-2B cells (Figures 9a-e ) and A549 cells (Figures 10a-c) . Consistent with the increased activation of caspase-3, caspase-7, and PARP after survivin suppression, cultured BEAS-2B cells (Figures 9f and g ) and A549 cells (Figures 10g-i ) demonstrated more severe damage after this treatment, as evidenced by a significantly greater number of apoptotic or dead cells (Annexin V-or PI-positive cells) compared with mock siRNA-treated cells. BEAS-2B cells also 
Effect of Survivin Overexpression on Bleomycin-Induced Damage of Lung Epithelial Cells
To further investigate the cytoprotective role of survivin in bleomycin-induced damage of lung epithelial cells, BEAS-2B
and A549 cells were transfected to produce survivin overexpression, and the effect was analyzed by western blotting. Survivin overexpression markedly reduced activation of caspase-3, caspase-7, and PARP in both cell lines compared with mock transfection (Figures 10d-f; Figures 11a-e) . Consistent with the reduced activation of caspase-3, caspase-7, and PARP after survivin overexpression, cultured A549 cells These results indicate that survivin has a cytoprotective role in epithelial cells in acute lung injury, with the mechanism being apoptosis inhibition. All these data therefore show that survivin is a critical mediator of cytoprotection in acute lung injury and that it acts at the epithelial cell level, in part, by a mechanism that depends on the inhibition of apoptosis.
DISCUSSION
This report is the first to clarify the involvement of survivin in acute lung injury. Here, we describe the upregulation of survivin mRNA in bleomycin-induced lung injury in mice. We found clear evidence of the upregulated presence of survivin, with related molecules such as PCNA and Smac/ DIABLO, in epithelial cells of injured lung lesions in mice and in epithelial cells in human cases of DAD. We also showed, by utilizing bleomycin-induced apoptotic damage plus survivin suppression or overexpression, the cytoprotective effects of survivin on cultured lung epithelial cells. These results thus indicate that survivin may be an important mediator of cytoprotection, not only of malignant cells but also of noncancerous epithelial cells in acute lung injury in mice and humans.
In one report, survivin expression was nearly absent in adult differentiated tissue including the lung. 21 However, we detected, by RT-qPCR, survivin mRNA in control adult mouse lungs (Figure 3e ), and we found slight reactivity for survivin in the cytoplasm of bronchial epithelial cells from control adult mouse lungs and control human lungs (Figures  1a and b; Figures 5a and b) . These findings are consistent with a report that identified, by RT-PCR, the survivin gene transcript in 12% of paired histopathologically normal human lung samples. 22, 23 Endothelial cells, neutrophils, lymphocytes, and mononuclear cells (as well as epithelial cells) may be responsible for survivin mRNA expression seen in control adult mouse lungs. However, we found no notable accumulation of neutrophils, lymphocytes, or mononuclear cells in control mouse lungs. Moreover, survivin expression in endothelial cells was reportedly much lower than that in epithelial cells under physiological conditions. 24 Thus, bronchial epithelial cells may be the main source of survivin mRNA seen in control lung samples (Figure 3e) , results that (Figures 1a and b) . As lung epithelial cells, especially bronchial epithelial cells in small airways, have an important function in defending the lung parenchyma against apoptotic stimuli such as physical oxidants, dusts, and infectious insults, it is tempting to speculate that cytoplasmic survivin in bronchial epithelial cells contributes to a constitutive antiapoptotic activity that would benefit the integrity and physiological functioning of the lung. We found clear evidence of survivin-positive epithelial cells of bronchioles and alveoli in bleomycin-injured lungs (Figures 1c-h, Figures 2a-j and Figures 3a-d) , with marked upregulation of survivin mRNA, as determined by RT-qPCR, compared with control lungs (Figure 3e ). These findings are consistent with reports of elevated survivin expression in regenerating liver cells after partial hepatectomy, intraperitoneal carbon tetrachloride injection, 12 and injection of Fas agonistic antibody Jo2 17 in mice and in acinar and ductal cells in rats after induced acute pancreatitis. 25 Survivin expression was nearly absent or low in controls before treatment, as in normal adult differentiated tissue. Thus, as we expected, survivin may not only function in cancerous tissue cells but also function in epithelial cells of the lung, as in the liver and pancreas, during injury.
The dual role of survivin has been proposed to be associated with different cell compartments. Nuclear, cytoplasmic, and mitochondrial pools of survivin were previously described. 2, 3, 26, 27 Nuclear survivin facilitates cell cycle progression by inducing cells to exit G 1 and enter the S phase. 28 Mitochondrial survivin demonstrates increased stability, which may increase protection from apoptosis. Mitochondrial survivin confers resistance to apoptosis by inhibiting activation of effector caspases. 2, 3 An extracellular pool of survivin retained both antiapoptotic and proliferative activities. Survivin release in the extracellular space was mediated by exosomes and induced by stress-related stimuli. [29] [30] [31] We found survivin-positive results especially in nuclei of epithelial cells of bronchioles and alveoli in day 3 and day 7 models of bleomycin-injured lung (Figures 1c-f) , with double-positive results for PCNA (Figures 4a, b, g-i) . As nuclear survivin would be linked to an ability to regulate cell division, 29 our data suggest that survivin expression in nuclei with PCNA-positive findings at the early phase of the lung injury reaction in this model may be involved in lung regeneration and proliferation after acute lung injury.
We also found survivin-positive results in the cytoplasm of epithelial cells of bronchioles and alveoli, mainly in day 7 and day 14 models (Figures 1e-h and Figures 2a-i, arrows) , with (Figures 4e and f, and j-l) . In addition, we found survivin-positive intracytoplasmic granules with mitochondria-like structures in the bleomycin-injured lung in the day 14 model (Figure 2j ). These findings are consistent with other results of survivin-positive cytoplasm of hepatocytes in Jo2-induced liver injury in mice 17 and of acinar and ductal cells in 4% sodium taurocholate-induced acute pancreatitis in rats. 25 As one mechanism of the antiapoptotic effects of survivin is binding to mitochondrial Smac/DIABLO, 4 and cytosolic survivin, including mitochondrial and exosomal survivin, has an essential function in protecting cells from apoptotic stimuli, upregulated survivin with Smac/DIABLO in the cytoplasm of epithelial cells in our mouse model may signify cytoprotection from injury. These results, together with findings of survivin-positive nuclei and cytoplasm of epithelial cells in human lung DAD lesions (Figures 5c-g ), suggest that survivin in epithelial cells may be involved in the pathophysiology of acute lung injury, including apoptosis and regeneration pathways, in mice and humans, which is consistent with our hypothesis. 
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The gene encoding for survivin, BIRC5, generates five major isoforms of the transcript: wild-type survivin, survivin-DEx3, survivin-3B, survivin-2B, and survivin-2a. The first three appear to be cytoprotective, whereas the last two promote apoptosis induction. Some isoforms are also involved in controlling cell division. [30] [31] [32] Our antibody for survivin in vivo did not distinguish these isoforms; therefore, to examine the role of survivin, especially its cytoprotective effect in bleomycin-induced acute injury, and the expression of related molecules, we used cultured lung epithelial BEAS-2B and A549 cells and evaluated the cytoprotective effect after suppression or overexpression of survivin in vitro.
We confirmed that survivin was upregulated in bleomycininjured lung epithelial cells in vitro, as well as in vivo, and that bleomycin-induced lung epithelial cell damage in vitro via an apoptotic process involving activation of caspase-3, caspase-7, and PARP (Figures 6a-j and Figures 8a-d) . Also, PI-positive cells and LDH activity indicated increased cell damage (Figures 7a-f and Figures 8e-g ). Then, in this in vitro system, we evaluated the antiapoptotic effect of survivin and found that siRNA-induced survivin suppression rendered lung epithelial cells susceptible to bleomycin-induced damage, with markedly upregulated activation of caspase-3, caspase-7, and PARP (Figures 9a-e and Figures 10a-c) , and also Figures 10g-i) . These results agree with other reports demonstrating that suppression of survivin expression in noncancerous tissues or cells leads to greater sensitivity to apoptotic damage, with evidence from these reports including siRNA targeting in ischemia/ reperfusion-induced rat cardiomyocyte injury 33 and in staurosporine-induced human endometriotic stromal cell injury 34 as well as transgenic inactivation in mice, with or without survivin, in Fas ligand-induced liver injury 17 and folic acid-induced kidney injury. 35 We also determined that overexpression of survivin by transfection conversely rendered lung epithelial cells resistant to bleomycin-induced damage, with reduced levels of activation of caspase-3, caspase-7, and PARP (Figures 10d-f and Figures 11a-e) and with lower numbers of apoptotic or dead cells and LDH activity (Figures 10h-j and Figures 11f-h ). These results are consistent with reports that survivin overexpression in rat cardiomyocytes led to greater resistance to apoptotic damage in ischemia/reperfusion injury. 33 These results thus indicate that survivin, acting at the epithelial cell level by a mechanism that depends, in part, on caspase-dependent apoptosis inhibition, is a primary mediator of cytoprotection in acute lung injury.
Recent studies of the molecular dissection of genes associated with the abnormal proliferation of cancer cells Role of survivin in acute lung injury Y Terasaki et al identified survivin as a possible gene responsible for progression of cancer and as a potential molecular therapeutic target for these pathological conditions. 8 Survivin may also have physiological functions in regulating proliferation and survival in normal tissues, as shown by our data and other reports; 8, 10 however, its expression in normal tissues is significantly lower than that in cancer cells. The fact that the constitutively high survivin expression in cancer cells is not under the same regulatory control as survivin expression in noncancerous cells should be noted. For example, the DNA-protein interaction in the survivin promoter differed for nuclear proteins isolated from normal and cancer cells, 36 and a mutation in the survivin promoter correlated with survivin mRNA overexpression in cancer cells. 37 However, reports also noted that survivin regulated apoptosis and proliferation of normal cells and cancer cells using some of the same pathways. For example, not only in normal hematopoietic cells but also in hepatoma cells, survivin regulated apoptosis through p21-dependent pathways. 38 Continued investigations of the mechanisms of regulating survivin expression and function in normal cells and cancer cells will help identify critical differences in survivin activity that can aid development of novel strategies utilizing survivin functions.
In conclusion, this study provides evidence that survivin, acting not only at cancerous cell level but also at the epithelial cell level in mice and humans, is an essential mediator of cytoprotection in lung injury. As many human tumors manifest high survivin expression, using survivin as a target for cancer therapeutic agents, has been investigated. 10 However, interstitial lung disease associated with use of such drugs has developed, 39 and whether using survivin as a target in cancer treatment would be toxic to normal human lung cells and tissues has not been clarified. 10 Understanding the precise role of survivin in normal lung cells and tissues as well as in cancer cells and tissues is required for the therapeutic development of survivin.
Supplementary Information accompanies the paper on the Laboratory Investigation website (http://www.laboratoryinvestigation.org) Figure 11 Effect of survivin overexpression on bleomycin-induced damage of human bronchial epithelial cells. (a) Transfected cell extracts at 12 h after bleomycin treatment were subjected to sodium dodecyl sulfate-polyacrylamide gel electrophoresis and were immunoblotted with antibodies against survivin, caspase-3, activated caspase-3 (A-caspase-3), caspase-7, activated caspase-7 (A-caspase-7), poly (ADP-ribose) polymerase (PARP), activated PARP (A-PARP), and GAPDH (control). (b-e) In five experiments similar to that whose results are shown in panel a, the amounts of each protein were quantified using densitometry and were expressed relative to the amount of GAPDH in those samples. Results are reported relative to those of five controls in five experiments (no treatment ¼ 
